We present results from the reconstruction of the electron diffusion region of magnetotail reconnection observed by the Magnetospheric Multiscale (MMS) spacecraft on 11 July 2017. In the event, the conditions were suited for the reconstruction technique, developed by Sonnerup et al. (2016 , https://doi.org/10.1002, that produces magnetic field and electron streamline maps based on a two-dimensional, time-independent, inertialess form of electron magnetohydrodynamic equation, assuming an approximately symmetric current sheet and negligible guide magnetic field. For such a two-dimensional and steady structure, the X line orientation can be estimated from a method based on Ampère's law using single-spacecraft measurements of the magnetic field and electric current density. Our reconstruction results indicate that although the X point was not captured inside its tetrahedron, MMS approached the X point as close as one electron inertial length~27 km. The opening angle of the recovered separatrix field line, combined with theory, suggests that the dimensionless reconnection rate was 0.17, which is consistent with the measured reconnection electric field 2-4 mV/m. The stagnation point of the reconstructed electron flow is shifted earthward of the X point by~90 km, one possible interpretation of which is discussed. The energy conversion rate j · E 0 in the electron frame tends to be higher near the stagnation point, consistent with earlier observations and simulations, and is not correlated with the amplitude of broadband electrostatic waves observed in the upper-hybrid frequency range. The latter suggests that the waves did not contribute to energy dissipation in this particular electron diffusion region.
Introduction
Magnetic reconnection is a fundamental plasma process that can convert magnetic energy into plasma kinetic and thermal energy by changing the topology of magnetic field lines. Magnetopause reconnection plays the dominant role in transport of mass, momentum, and energy from the solar wind into the Earth's magnetosphere (e.g., Paschmann et al., 2013) , whereas magnetotail reconnection contributes to release of energy stored in the magnetotail and mass and energy injection into the inner magnetosphere in magnetospheric substorm cycle. The Magnetospheric Multiscale (MMS) mission , which consists of four identical spacecraft launched in March 2015, has successfully detected a number of electron diffusion regions (EDRs) of asymmetric magnetic reconnection occurring at the Earth's dayside magnetopause during the first science phase Genestreti et al., 2017; Webster et al., 2018) . The MMS high time resolution measurements have confirmed that magnetic to plasma energy conversion does occur and that electrons are unmagnetized in the EDR, with crescent-shaped electron velocity distributions carrying an intense electric current.
In May 2017, MMS entered a subsequent mission phase during which the primary target was magnetotail reconnection that occurs in a more or less symmetric current sheet with a relatively weak guide field, the magnetic field component along the X line in the external inflow region. While the Geotail spacecraft is the first mission that successfully detected the EDR of magnetotail reconnection (Nagai et al., 2011; Zenitani et al., 2012) , MMS encountered and made in-depth measurements of an EDR in the magnetotail during weak geomagnetic activity on 11 July 2017 . The event is characterized by a reversal from tailward to earthward jets, which indicates that the associated X line was moving tailward. A proper coordinate system for this EDR event has been estimated by Genestreti et al. (2018) , using maximum variance analysis of the electron velocity and maximum directional derivative of the magnetic field (MDDB). The MDDB method was first developed by Shi et al. (2005) and has been applied by Denton et al. (2016) to a dayside EDR event observed by MMS on 16 October 2015 . The resulting good coordinate system enabled good estimation of the reconnection electric field, which was found to be in the range 2.5-4 mV/m. A consistent value of 2-3 mV/m was also derived by from a remote sensing method for the reconnection rate . These values are consistent with the dimensionless reconnection rate 0.1-0.2 based on an estimated aspect ratio of the EDR .
In this paper, we present results from reconstruction of the tail EDR using the method, developed by Sonnerup et al. (2016) , that can generate two-dimensional (2-D) maps of the magnetic field and electron velocity from single-spacecraft measurements of the magnetic field and three electron moments (density, velocity, and pressure). The method, based on an electron magnetohydrodynamic (MHD) (EMHD) equation, was first successfully applied to the EDR event of near antiparallel magnetopause reconnection on 16 October 2015, reported by . It was found that the X point was likely within a few kilometers of the MMS4 spacecraft but was outside the MMS tetrahedron even at the closest approach . In the present study, the following questions are addressed on the basis of the reconstruction results combined with other MMS measurements and theory: How closely did MMS approach the X point in this particular EDR event? Are the X point and electron stagnation point collocated or displaced for magnetotail reconnection that is known to be nearly symmetric? What is the reconnection rate estimated from the reconstruction result? In which part of the EDR is electromagnetic energy conversion significant? Does the energy conversion rate have some association with any specific structure or high-frequency waves in the EDR?
The paper is organized as follows. Section 2 presents an overview of the magnetotail EDR event observed on 11 July 2017, first reported by Torbert et al. (2018) . In section 3, the methodology of the EMHD reconstruction method is briefly summarized, and a new single-spacecraft method, based on Ampère's law, is presented for estimating the orientation of time-independent, 2-D structures from direct measurements of the magnetic field and current density. In section 4, the reconstruction results are presented, and the above questions are discussed. Further discussion and conclusions are given in sections 5 and 6, respectively. Figure 1 shows an overview of the magnetotail reconnection event seen by the MMS3 spacecraft at around 2234 UT on 11 July 2017 , when it was located at (À21.6, 4.2, 3.6) R E in the geocentric solar ecliptic (GSE) coordinate system, that is, in the premidnight sector of the Earth's magnetotail. Shown here are burst mode data from the fluxgate magnetometers (FGMs; Russell et al., 2016) and the dual ion spectrometers and dual electron spectrometers of the fast plasma investigation (FPI) instrument suite (Pollock et al., 2016) . Figures 1e-1g show that the interval 2231-2239 UT is characterized by the ion temperature ≥2 keV and is dominated by ions with energies exceeding 1 keV and electrons with energies more than a few hundred electron volts, indicating that MMS3 was embedded in the hot plasma sheet throughout (high electron fluxes in the lowest energy channels are due to photoelectrons). Figure 1c shows that MMS3 crossed the tail current sheet from its southern to northern side. High-speed tailward ion jets were observed from 2232 to 2234 UT, followed by earthward ion jets lasting until~2238 UT (Figure 1b ). This indicates that MMS traversed the reconnection region from the tailward to earthward side of the X point. Torbert et al. (2018) corrected the FPI-dual ion spectrometer ion velocity data by multiplying by a factor of 2 to make them agree better with those from the hot plasma composition analyzer (Young et al., 2016 ) and the electric drift velocity. The corrected ion jet speed~1,000 km/s is comparable to the Alfvén speed 1,309 km/s for Figure 1 . Overview of the magnetic reconnection region in the magnetotail observed by the MMS3 spacecraft on 11 July 2017 at 2234 UT. Burst-mode measurements by the fast plasma investigation and fluxgate magnetometer instruments for an 8-min interval 2231:00-2239:00 UT of (a) ion and electron densities, (b) GSE components of ion bulk velocity, (c) magnetic field, (d) electron velocity, (e) parallel and perpendicular temperatures for ions and electrons, (f) energy-versustime spectrogram of omnidirectional ions, and (g) spectrogram of omnidirectional electrons. The right panels focus on the 1-min interval 2233:30-2234:30 UT (marked by the red box in the left panels) during which the electron diffusion region was encountered. (h) Ion and electron densities; (i) electron and ion thermal pressures, magnetic pressure, and total pressure; (j) GSE components of the ion velocity; (k) magnetic field; (l) electron velocity; and (m) electron parallel and perpendicular temperatures. DES = dual electron spectrometer; DIS = dual ion spectrometer; GSE = geocentric solar ecliptic; MMS = Magnetospheric Multiscale. density 0.04 cm À3 and magnetic field intensity 12 nT (corresponding to the average B x intensity observed during 2231-2232 UT before the reconnection jet period; Figure 1c ). The interval around the ion flow reversal (~2234 UT) is characterized by a fast dawnward electron flow with a velocity~17,000 km/s ( Figure 1d ) consistent with an intense duskward current, low magnetic field intensity (Figure 1c ), lower densities ( Figure 1a) , and higher ion temperatures ( Figure 1e ). All these features suggest that MMS3 was close to the reconnection site at~2234 UT.
Overview of the Event
The right panels of Figure 1 focus on a 1-min interval around the flow reversal. It is seen that the ion flow reversal at~2234:02 UT is accompanied by a negative to positive variation in B z (Figure 1k ) and reversal from tailward to earthward electron flows that are obviously super-Alfvénic around the reversal (Figure 1l ). These features are consistent with MMS3 being near the reconnection site that was retreating tailward. Figure 1i shows that the total pressure, dominated by the ion pressure, has a minimum at about the time of flow reversal. This pressure minimum is mostly due to the density decreasing as the flow reversal is approached. This is the feature that has also been seen in the dayside EDR event on 16 October 2015 (not shown), as reported by , and is consistent with the force balance expected near the X line; the force from the total pressure gradient should be directed toward the X line to roughly balance magnetic tension that is directed away from the X line. A 1.4-s interval around the flow reversal is used for the EMHD reconstruction (section 4).
Methods

EMHD Reconstruction
The reconstruction method used here ; hereafter referred to as SEA16) is based on an inertialess form of the electron momentum equation and assumes that the reconstructed structure is time independent and 2-D (∂/∂t = 0, ∂/∂z = 0 in the reconstruction coordinate system) with uniform electron density and temperature (n = const., T e = const.). It can be used to reconstruct the magnetic and electric fields and electron velocity in a 2-D domain around the path of a spacecraft passing through the vicinity of the EDR of nearly symmetric reconnection where ion dynamics is negligible and there are no significant density and temperature jumps across the current sheet. Necessary input data are the magnetic field, electron moments, and ion velocity measured by a single spacecraft, the last one being required to accurately compute the current density, namely, electron current in the ion-rest frame. The reconstruction must be performed in the rest frame of the structure (in the present case, the X point) in which the ion velocity should be small but does not completely vanish. Our procedure used to estimate the structure velocity V 0 , which is assumed to be constant in the present study, is explained in section 3.2. In the reconstruction, the x axis is defined to be antiparallel to the projection of V 0 onto the plane perpendicular to the invariant axis b z, and the y axis completes the right-handed orthogonal system.
The magnetic field and electron velocity can be expressed as B ¼ ∇AÂb z þ B z x; y ð Þb z and v ¼ ∇ψÂb z þ v z x; y ð Þ b z, respectively, where A is the z component of the vector potential and ψ is the electron stream function. The axial field component B z is directly related to ψ via B z = À μ 0 neψ. Under the above assumptions, the electron momentum equation (i.e., the generalized Ohm's law) becomes
and the axial component v z of the electron velocity becomes a function of A alone (SEA16). The transverse field lines are then expressed by the solution of a Grad-Shafranov (GS)-like equation, derived from the inplane components of (1)
The key difference between our present procedure and that used in standard magnetohydrostatic GS reconstruction (Hau & Sonnerup, 1999) is that the right-hand side of (2) is evaluated directly from measured v z (in the ion-rest frame), rather than in terms of the transverse pressure, j z (A) = dP t (A)/dA, where
Þ is the sum of the plasma pressure and magnetic pressure based on the axial field component. We further assume that the electron pressure tensor term to be of the form ∇·P¼∇e p x; y ð Þþf x; y ð Þb z, where the in-plane electron pressure e p is constant under the uniform density and temperature assumption and thus ∇e p x; y ð Þ ¼ 0. As an expression for f(x, y), we adopt the dissipation term for antiparallel reconnection, described in detail by Hesse et al. (2011) ,
whose role is equivalent to nongyrotropic electron pressure effects at the X point. Here the coordinate axes x 0 and y 0 lie in the xy plane, and the x 0 axis is parallel to the local tangent to the current sheet in the xy plane. We note that the nongyrotropic electron pressure term, as expressed by (3), has been shown to contribute dominantly to the reconnection electric field in the present EDR event .
Equation (3) is used to solve the axial component of (1) for reconstructing B z (x, y) , that is, equation (18) in SEA16. Furthermore, equation (25) in SEA16, also derived from the in-plane components of (1), is used to reconstruct the in-plane components of the electric field or to produce the 2-D map of electrostatic potential without use of electric field data. For a steady, 2-D structure, the axial component E z of the electric field should be constant in space and time. The reconnection electric field, E 0 in equation (18) in SEA16, is thus assumed to be a positive constant. This value is initially set to the median of the axial component of the measured electron convective electric field (Àv × B), evaluated in the structure-rest frame, and is later optimized, by multiplying by a factor, to better agree with double probe measurements of the electric field Lindqvist et al., 2016) and to yield better predictions of the electron velocity (see section 4).
The simplicity gained in the current version with no electron inertia effects is that the spatial integration of (2) for reconstructing A is decoupled from that for ψ (i.e., B z ). The reconstructed magnetic potential A(x, y) is thus unaffected by the form of the dissipation term that is responsible for the axial electric field in the EDR or by numerical errors associated with the streamline reconstruction (section 3.2). We also note that there are two possible choices to set the initial conditions at y = 0 for the reconstruction of B z , one based on B z measured by FGM and the other based on ψ derived from integration along x of the y component v y of the electron velocity measured by FPI. Unless otherwise stated, we use the measured B z because the magnetic field measurements are generally more reliable than the electron moment measurements and the assumption of constant density may become a source of errors.
Methods for the Reconstruction Coordinate System
The reconstruction should be performed in a proper coordinate system, that is, in the structure-rest frame and with a good estimate of the invariant axis (b z) orientation. In this study, the reconstruction coordinate system is estimated as follows.
1. A reasonable initial LMN coordinate system can be estimated by a combination of maximum variance analysis of the electron velocity and maximum directional derivative method using four-spacecraft measurements of the magnetic field (MDDB), as shown by Genestreti et al. (2018) . The latter, developed by Shi et al. (2005) , can be used to obtain a good estimate of the normal to a steady current sheet . The GSE components of the resulting maximum variance direction of the electron velocity, taken to be the initial L direction, are (0.9482, À0.2551, À0.1893), and the normal from MDDB is (0.0942, 0.3227, 0.9418) in GSE. The initial M direction, used as the initial invariant (b z) axis, is defined to be along the cross product of the normal from MDDB and the L direction, and the initial N direction is defined to complete the right-handed orthogonal system and is (0.2604, 0.2832, 0.9230). The resulting initial z axis is (0.1818, 0.9245, À0.3350). 2. The initial structure velocity is estimated from spatiotemporal difference (STD) method, developed by Shi et al. (2006) , using the four spacecraft measurements of the magnetic field. This method assumes that the structure is time independent in its rest frame and has been applied to estimate the MMS trajectory in the reconnection region for the EDR event on 16 October 2015 . The resulting average velocity for the interval 2234:01.7-2234.03.1 UT of the 11 July 2017 event is (À133.9, 20.5, À16.1) km/s in GSE, in which the M component contribution is excluded because of its larger error .
3. The structure velocity V 0 is optimized by maximizing the correlation coefficient between the predicted and measured values of three GSE components of the magnetic field for three MMS spacecraft not used in the reconstruction. This procedure is similar to the one, first used by Hasegawa et al. (2004) , to estimate the invariant (z) axis orientation of 2-D structures. The optimization is made step by step by gradually and individually increasing or decreasing the N and L components of the initial velocity. Here the LMN axes are kept the same as the initial ones, and the electron velocities measured or predicted are not used while they were used in the previous study . The latter procedure is taken because we found that it was not possible to use both the magnetic field and electron velocity for the optimization in this particular event because the x axis was nearly parallel to the current sheet plane. That is, the angle θ between the x and x 0 axes (i.e., the current sheet plane), as defined in Figure 1 of SEA16, was small. Our benchmark test using a 2-D fully kinetic simulation of magnetic reconnection, as discussed by SEA16, indeed shows that the electron streamlines (equivalent to B z ) cannot be well recovered for θ less than 15°. In other words, we could not exclude the possibility that the differences between the measured and predicted values of the electron velocity are mostly due to numerical errors in the streamline reconstruction, rather than to inaccurate estimates of the structure velocity and invariant axis (in addition to errors associated with violation of the 2-D and steady assumptions). 4. The invariant axis orientation b z is optimized by a new single-spacecraft method based on Ampère's law using direct measurements of the magnetic field and current density, as explained in the next section. This procedure is different from that used in our first EDR reconstruction in which the electron velocity and the magnetic field data were used to optimize both the frame velocity and invariant axis. The new method has been developed because the previous procedure did not work for the present event for reasons associated with the electron velocity reconstruction, as described in the previous paragraph.
New Method for the Orientation of Steady, 2-D Structures
Here we present a method to estimate the orientation of steady, 2-D structures, such as the X line orientation and flux rope axis, from single-spacecraft measurements of the magnetic field and current density. Under the same assumptions of time independence and 2-D (∂/∂t = 0, ∂/∂z = 0) as for the reconstruction, Ampère's law ∇ × B = μ 0 (j + ε 0 ∂E/∂t) can be reduced to
where the current density is measured in the ion rest frame. This indicates that we can obtain the B z values at points along the spacecraft path from integration along x of the y component j y of the current density, which can be measured as j = ne(v i À v e ) by FPI (e.g., Eastwood et al., 2016) , in addition to direct measurements by FGM. For an accurate orientation of the invariant axis b z, B z from the spatial integration of j y
where dx ¼ ÀV 0 ·b x dt and t = 0 represents the start of the time interval under discussion, should agree with B z, FGM , B z directly measured by FGM during the corresponding interval. The optimal invariant axis can thus be estimated by minimizing the following residue:
where M is the total number of data points used in the reconstruction. This optimization is made by gradually rotating the initial invariant (i.e., M) axis about the initial L and N axes, resulting in the best possible estimate of the reconstruction coordinates under the present assumptions.
In principle, this single-spacecraft method can be applied to any 2-D and steady structures, once a proper comoving frame velocity is estimated from the deHoffmann-Teller analysis (Khrabrov & Sonnerup, 1998) for structures that satisfies the frozen-in condition, or from the STD method (Shi et al., 2006) , or from the above procedure introduced in section 3.2 for diffusion regions in which ions and/or electrons are unmagnetized.
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Journal of Geophysical Research: Space Physics Figure 2 shows the magnetic field and electron moments data from all four MMS spacecraft for a 5-s interval 2234:00-2234:05 UT, presented in the initial LMN coordinate system. The current densities derived from the curlometer (∇ × B/μ 0 ) technique (Dunlop et al., 2002) and from the FPI plasma measurements, as shown in Figure 2d , both indicate that a current density maximum occurred at 2234:02.8 UT, slightly after the electron flow reversal at 2234:02.6 UT ( Figure 2g ) and transition from negative to positive B N at 2234:02.5 UT (Figure 2c ). Since the EMHD reconstruction method works better for structures close to the EDR where ion 
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Journal of Geophysical Research: Space Physics dynamics can be neglected, it is applied to the data from MMS3, which was closest to the center of the current sheet at the time of the flow reversal. See Figures S1-S3 and Table S1 in the supporting information for results from the reconstruction applied to the other three MMS spacecraft. The time interval used for the reconstruction is 2234:01.7-2234:03.1 UT. During this interval, B L seen by MMS3 is nearer to zero than it is for the other three spacecraft (Figure 2a) , and the dawnward electron flow seen by MMS3 is more intense (Figure 2h ), which suggests that MMS3 is closest to the X point .
Following the procedure described in sections 3.2 and 3.3, we found the optimal structure velocity to be V 0 = (À255.3, À142.8, 51.7) km/s and the optimal LMN axes to be e L = (0.9605, À0.1735, À0.2177), e M = (0.0985, 0.9432, À0.3272), and e N = (0.2604, 0.2832, 0.9230) in GSE. The N direction remains the same as before, and the M axis is only 5°away from, and is within the error of, those estimated by Genestreti et al. (2018) and used by . The L and N components of the structure velocity are V 0L = -231.7 km/s and V 0N = -59.3 km/s, respectively, resulting in an angle θ between the x axis and the LM plane of 14.3°. The resultant speed of V 0 is roughly twice higher than that from the STD method and is substantially higher than an estimate (170 km/s) from four-spacecraft timing method but agrees well with an estimate assuming 1-D or 2-D structure of the current sheet . Figure 3a shows B z, FGM and Àμ 0 ∫ j y dx, that is, B z, FPI À B z, FGM (t = 0), as a function of the axial component v z of the electron velocity for our optimal coordinate system. Here the invariant axis is set to be b z ¼ Àe M (roughly dawnward) so that the northern side of the tail current sheet is placed in the upper part of the reconstructed field maps, as shown in Figure 4 . Figure 3a shows that the B z magnitude decreases as the dawnward flow (i.e., duskward current density) intensifies, consistent with the Hall magnetic field weakening as the X point is approached. The variation patterns of B z, FGM and Àμ 0 ∫ j z dx in this parameter space are similar, as expected for steady, 2-D structures. Figure 3b shows a scatter plot of B z, FGM versus B z, FPI , which indicates that the correlation between the two quantities is high with the correlation coefficient 0.9525. This validates our assumptions that the structure is roughly time-independent and 2-D for this particular 1.4-s interval including the EDR. Note that a similar agreement between the magnetic field variation directly measured and that derived from FPI measurements of the current density was reported for a current sheet embedded in a magnetopause Kelvin-Helmholtz wave event (Sturner et al., 2018) . Figure 3c shows v z as a function of the partial vector potential A computed along the MMS3 path. A polynomial function v z (A) (thick curve), fitted to the data points, is used to solve the GS-like equation (1) for the vector potential. For an earlier part of the interval when v z is smaller, that is, when the spacecraft is away from the center of the current sheet and A has positive values, the data points show a double branch feature: Two v z values exist for a certain A value. It indicates that v z cannot completely be expressed as a function of A only. This suggests that electron inertia effects, neglected in the present reconstruction, are not fully negligible, as also revealed by in a different way, and/or that the current density profile is different between the tailward and earthward sides of the X point.
In principle, it is possible to use double branches in the v z versus A plot for the reconstruction of the magnetic field, if the two branch feature is due to a spacecraft encounter of two different types of 
Journal of Geophysical Research: Space Physics magnetic topology (e.g., the northern and southern sides of the tail current sheet or the magnetosheath and magnetospheric sides of the magnetopause current sheet). Such a two-branch scheme was first developed by Hu and Sonnerup (2003) for GS reconstruction of the magnetopause. In the present case, however, the two branch feature is seen on the same field lines, that is, on the southern side of the southern separatrix (the point where A reaches a maximum in Figure 3c corresponds to a field line in the inflow region away from the current sheet center in Figure 4) . Thus, the double-branch scheme is not adopted here because currently, we do not have a proper way to switch from one branch to another on the same field lines. Figure 4 shows the 2-D maps of the magnetic field, electron streamlines, and electrostatic potential reconstructed from the 1.4 s of MMS3 data, in which the spacecraft move from left to right in the +x direction as time progresses. The reconstruction domain is fully embedded in the ion diffusion region (the ion and electron inertial lengths are λ i = 1,140 km and λ e = 27 km, respectively, for the density of 0.04 cm À3 ). Figure 4a suggests that although the X point was not captured inside the MMS tetrahedron, MMS3 approached the X point as close as one electron inertial length. Because of the small angle θ (<15°) between the x axis and current sheet plane, the electron streamline (i.e., B z ) map, shown in Figure 4b , may have large numerical errors, in particular, near the upper-left and lower-right corners where the width between neighboring streamlines is much smaller. Nonetheless, the measured electron velocities are roughly parallel to the reconstructed streamlines. The recovered B z pattern, though skewed because of the numerical errors, is overall consistent with quadrupolar Hall magnetic fields expected for weak guide-field reconnection. The weakness of the guide field is inferred from B z~-0.1 nT at the electron stagnation point, located at x~220 km in the map.
The electron stagnation point appears to be near the MMS3 path and near the center of the current sheet and, interestingly, is displaced toward the earthward side of the X point by~90 km, more than 3λ e . Genestreti et al. (2018) also reported that the reversal of B N preceded that of electron flow v eL , which is suggestive of such a displacement (see their Figure 4 ). The separation between the B N and v eL reversals is not very sensitive to the frame velocity, because the structure velocity (of order 200 km/s) is much smaller than the electron velocity of order 10 4 km/s (Figure 2 ). We argue that the displacement, unexpected for reconnection that is symmetric in both the inflow and outflow directions, is a real feature. This is because the structure velocity is optimized based on better agreement between the observed and predicted values of the magnetic field only (section 3.2), the measured electron velocities (arrows in Figure 4b ) are consistent with such an earthward displacement, and the location of the stagnation point is little affected by whether B z, FGM or B z, FPI is used to initiate the streamline reconstruction ( Figure S4 ). The benchmark test as performed by SEA16 also shows that the error in locating the X or stagnation point is at most~1λ e when the actual X point is λ e away from the spacecraft path (see Figure 6 in SEA16), suggesting that the displacement would persist even when considering the error. A possible reason of the stagnation point being shifted earthward of the X point will be discussed in section 5. Figure 4c shows that the reconstructed electric field generally points toward the center of the current sheet and is oriented in the outflow directions in the central part of the current sheet (the potential decreases with distance along the centerline from the X point). The measured electric fields (arrows in Figure 4c ), transformed into the structure-rest frame, are roughly perpendicular to the equipotential lines reconstructed, indicating that the reconstructed electrostatic potential is qualitatively good. The potential pattern is also consistent with theoretical expectation and observations (Egedal et al., 2005; 
Journal of Geophysical Research: Space Physics reconstruction domain where numerical errors can be large. Earlier studies have shown that the inplane electrostatic field contributes to acceleration in the ion diffusion region of inflowing ions toward the current sheet center and of outflowing ions away from the X point (Nagai et al., 2015) and allows for only sufficiently energetic electrons to reach and cross the electron-scale current sheet extended along the center (Zenitani & Nagai, 2016) . 
Journal of Geophysical Research: Space Physics MMS2, and MMS4) not used in the MMS3-based reconstruction. The predicted E M is constant and equal for all four spacecraft, because of the steady and 2-D assumptions underlying the reconstruction. The bootstrap method (e.g., Kawano & Higuchi, 1995) is used to estimate the confidence intervals of the correlation coefficients corresponding to ±1 sigma, as shown in the right panels. Since the spacecraft separation was small (~18 km, which is comparable to λ e = 27 km), good agreements may not be surprising. Nevertheless, the very high correlation for the magnetic field (Figure 5j) suggests that the reconstructed magnetic field is reasonably accurate and corroborates the validity of the present steady and 2-D assumptions. Lower correlations for the electron velocity and electric field may be due to numerical errors associated with the small θ, not fully accurate frame velocity V 0 , neglecting the effects of electron inertia and pressure anisotropy, and/or errors from the limitation of the Hesse-Kuznetsova formula (equation (3)) that focuses on reproducing E M only in the close proximity of the X point (in addition to less accurate measurements of the electron moments and electric field than of the magnetic field). Even so, the high correlation coefficient of 0.9632 for the electron velocity (Figure 5k ) suggests that the recovered streamlines are so good that we can infer that the displacement between the X and stagnation points is real.
Reconnection Rate
The reconnection electric field or reconnection rate is a key parameter to evaluate the efficiency of magnetic reconnection and whether the reconnection is fast or slow. It is however difficult to measure because a very good coordinate system is required in order to measure the electric field in the rest frame of the X line. But thanks to the optimization of the coordinate system and frame velocity, we can obtain good estimates of the reconnection rate. Figure 5h shows that the axial components E M of the electric field measured in the structure-rest frame, corresponding to the reconnection electric field E 0 , are in the range of 2-4 mV/m for most of the time. The corresponding dimensionless reconnection rate is R 0 = E 0 /(V A B 0 )= 0.13-0.25, for the external reconnecting magnetic field B 0 = 12 nT and Alfvén speed V A = 1309 km/s for density 0.04 cm À3 , indicating that the observed reconnection was in the fast regime.
It is also possible to estimate the dimensionless reconnection rate R 0 from the opening angle (ϕ in Figure 6a ) between the reconstructed separatrix flux surface and center plane of the current sheet. According to theory developed by Liu et al. (2017) , the dimensionless reconnection rate for symmetric reconnection in a low beta plasma can be expressed as
Nakamura, have for the first time applied this theory to derive the dimensionless reconnection rate from the direction of the magnetic field at the edge of the EDR and found R 0 to be 0.15-0.2 for the present event. Based on the reconstructed field map shown in Figure 4a , we found that the angle between the average directions of the two separatrix field lines on the northern and southern sides of the current sheet is 20°, that is, ϕ= 10°. The resulting R 0 is 0.17, which is in the range R 0 = 0.13-0.25 based on the electric field measurements and is consistent with estimates 0.14-0.22 by Genestreti et al. (2018) and 0.1-0.2 by Torbert et al. (2018) using different methods. Figure 7a shows the measured energy conversion rate j · E 0 = j · (E + v × B) in the electron frame plotted along the paths of the four MMS spacecraft, along with the reconstructed field lines and streamlines. j · E 0 is seen to be mostly positive throughout the paths of all four spacecraft, indicating conversion from electromagnetic to plasma energy. Zenitani et al. (2011) suggested that j · E 0 can be used as a measure of energy dissipation in collisionless reconnection. Interestingly, j · E 0 is not large at the portion of the spacecraft path closer to the X point but is largest on the earthward side of the X point, that is, at the portion around the stagnation point. 2-D kinetic simulations of antiparallel reconnection in a symmetric current sheet with the same boundary conditions in both outflow directions show that j · E 0 can be significantly positive over a width along the normal of~2λ e (~54 km) in the vicinity of the X point (Zenitani et al., , 2012 . Thus, Figure 7a expected for the peak current density~80 nA/m 2 ( Figure 2d ) and reconnection electric field 2-4 mV/m (section 4.2). This suggests that in this case the observed energy conversion was associated with the reconnection process itself, rather than other nonideal processes associated with high-frequency (e.g., lowerhybrid) waves often observed around the reconnection region (e.g., Graham et al., 2017; Pritchett, 2013) .
Energy Conversion
Figures 7b-7i show the electric field data and spectra from all four spacecraft during the same interval as for the reconstruction, in the order of the spacecraft that passed closer to the X point (MMS3, MMS1, MMS4, and MMS2). High-frequency electric field fluctuations are due to broadband electrostatic waves around the upper-hybrid frequency (white curve in the spectra) with no significant magnetic field fluctuations and are dominated by those in the GSE y and z components. No appreciable waves are observed in the lower-hybrid frequency range (not shown), indicating no activity of the lower-hybrid drift instability for this particular interval, which is consistent with no significant density and temperature gradients (Figures 2e and 2f ) and negligible 3-D effects near the present EDR, as suggested by . On the paths of MMS3 and MMS1, closer to the X point, the amplitude of the electrostatic waves is higher nearer the X point 
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Journal of Geophysical Research: Space Physics (2234:02.1-2234:02.6 UT) but is not correlated with the energy conversion rate (Figure 7a ). On the paths of MMS4 and MMS2, the wave amplitude remains high for the later part of the interval as well, when the dawnward electron flow is intense (Figure 2h ). However, there is no one-to-one correspondence between the wave amplitude and energy conversion rate, and the wave activity appears to be higher around the separatrix than at the center of the current sheet. These features suggest that the electrostatic waves are not the driver of the reconnection electric field or energy conversion, but probably a consequence of wave excitation by crescentshaped electron velocity distributions observed during this interval Torbert et al., 2018) .
We note that the locations of the stagnation point and significant energy conversion are both on the earthward side of the X point in the present event and that for asymmetric reconnection with higher density and lower magnetic field magnitude on the magnetosheath side, the region of significant electron-frame dissipation is shifted toward the same side (i.e., magnetospheric side) relative to the X point as is the stagnation point Hesse et al., 2014; Zenitani et al., 2017) . Although the direction of the displacement is different between the present event (along the outflow) and asymmetric reconnection (along the inflow), the displacement of both the stagnation point and the location of significant energy conversion in the same direction may not be a coincidence. Observations of near antiparallel magnetopause reconnection show that the stagnation point is embedded in the region of significant j · E 0 > 0 ,
and large E 0 and intense j are both due to the crescent-shaped electron distributions that make electrons unmagnetized , while for magnetopause reconnection with a significant guide field, the region of j · E 0 > 0 tends to be near the X point, rather than in the region where the crescent distributions are observed (Genestreti et al., 2017) . Simulations of antiparallel reconnection in an asymmetric current sheet also show that the stagnation point is embedded in the region where the crescent-shaped distributions are present so that the nongyrotropic electron pressure tensor contributes to the reconnection electric field (Hesse et al., 2014) . In section 5, we discuss a possible interpretation of the stagnation point being shifted earthward of the X point for this particular event.
Discussion
Our reconstruction shows that the electron stagnation point, when seen in the X point rest frame, was located on the earthward side of the X point that moved tailward at 255 km/s. Stawarz et al. (2018) reported earthward traveling magnetic flux ropes observed during an interval (three negative to positive B z variations for the 2235-2237 UT in Figure 1c ) following the present EDR, suggesting that multiple X-line or secondary reconnection occurred on the earthward side of the reconstructed X point probably after the initiation of the reconnection studied here. The present event is thus consistent with a conclusion by Asano et al. (2004) , based on Geotail observations of tail current sheets, that around the substorm onset time, nearEarth magnetotail reconnection starts at or near the tailward edge of thin tail current sheets. 2-D fully kinetic simulations of magnetic reconnection also show that an X line in the tail region may retreat tailward when magnetic field pile-up strongly occurs only on the earthward side of the X line (Oka et al., 2008) . Tailward moving X lines are more common than earthward moving ones (Eastwood et al., 2010) , likely due to significant total pressure increase in the inner magnetosphere (Oka et al., 2011) . In the present event, because of the flux ropes present on the earthward side of the EDR, a pileup region may have formed only on the earthward side, possibly leading to the tailward retreat of the X point as observed.
We now discuss a possible interpretation of the electron stagnation point being displaced earthward of the X point. Figure 6 shows three possible geometries of the EDR when the X point is moving in the outflow (Àx) direction relative to the external inflow plasma. In these simple schematics, it is assumed that the external inflowing electrons have no velocity component along the outflow (x) direction in the Earth's rest frame, that is, they flow in the +x direction as well as toward the current sheet center in the X point rest frame, and that the electrons are incompressible (constant density) inside the EDR (green area) where the frozen-in condition is violated for electrons. Note that only weak flows were indeed seen during the plasma sheet interval (2231-2232 UT) preceding the reconnection region (Figure 1b) . Actual EDRs may be expressed as a combination of these simplified cases, and the corners of the EDR may not necessarily be on the separatrix field line as drawn in Figure 6 . With these simplifications in mind, we discuss to which of the three cases the observed EDR is most similar. There is no clear evidence from the reconstructed field map (Figure 4a ) that the opening 10.1029/2018JA026051
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angle ϕ of the separatrix flux surface is different on the two downstream sides of the X point, so the case shown in Figure 6b may be excluded. Figure 2g (in the spacecraft frame) and Figure 5d (in the X point rest frame) both show that the earthward electron jet was not significantly faster than the tailward jet during the reconstruction interval corresponding to the region in the vicinity of the EDR and thus are not consistent with the case shown in Figure 6c . (Larger |v eL | at later times is likely because MMS was near the center of an intense electron current sheet [where |B L | is smaller] on the earthward side of the EDR.) Therefore, we can conclude that the reconstructed EDR structure is most consistent with the case shown in Figure 6a in which the opening angle and outflow speed are, respectively, equal on the two sides of the X point and the X and stagnation points are displaced.
The displacement may be due to the background inflow plasma having a velocity component along the outflow direction in the structure rest frame. Since the electron inflow speed immediately outside the EDR may be of order 1,000 km/s (Figure 5f ) for the reconnection electric field 2-4 mV/m, the displacement of~90 km (Figure 4 ) may require the inflowing electrons just outside the EDR to have a velocity in the x direction comparable to or higher than the normal speed, that is, much higher than the retreat speed~250 km/s of the X point. It may thus be that in the presence of the X point motion, the electron flow pattern is modified in the ion diffusion region surrounding the EDR. Obviously, more study is necessary to understand why the geometry as shown in Figure 6a , rather than the other two geometries, was selected for the present event and to reveal whether there are cases similar to Figures 6b or 6c. We point out that the reconnection region as simulated by Oka et al. (2008) resembles the case shown in Figure 6b . But since magnetic pileup as seen in their simulation occurs on the ion or MHD scale, such asymmetries in the outflow direction should be observed on scales larger than electron scale.
While the observed reconnection is fast with the dimensionless reconnection rate 0.13-0.25, the reconnection electric field (2-4 mV/m) is not as large as that (~10 mV/m) for typical substorms (Blanchard et al., 1997) . The corrected ion jet speed~1,000 km/s for the present event is also lower than in cases as reported by Nagai et al. (1998) where the speed can be comparable to or exceed 1,500 km/s. Moreover, Figure 1 shows that the whole reconnection interval is fully embedded in the hot plasma sheet, with no plasma sheet boundary layer or tail lobe signatures. These features indicate that the reconnection was not very active, consistent with the weak geomagnetic activity (AE index~200 nT), and suggest that it did not reach the external lobe field lines at least for this particular interval or in the local time sector where MMS was located.
Although the electron temperature anisotropy is neglected in the present reconstruction, both observations and kinetic simulations show that the electron temperature in the vicinity of the EDR is significantly higher in the direction parallel than perpendicular to the magnetic field (e.g., Egedal et al., 2010; Le et al., 2010) . This is indeed the case for the present event as well (Figure 1m ). Future work is thus required to improve the reconstruction method by including the effects of electron temperature anisotropy as well as inertia in the electron momentum equation. However, such an attempt would need to resolve the issue that there are no equations of state for the parallel and perpendicular temperatures that work inside the EDR of near antiparallel reconnection, while there are such equations for guide field reconnection .
Conclusions
The EDR of magnetotail reconnection, encountered by MMS on 11 July 2017 at 2234 UT, has been successfully reconstructed by an incompressible, inertialess version of the 2-D EMHD-based reconstruction Sonnerup et al., 2016) . The reconstruction results show that at the closest approach, MMS was within one electron inertial length (~27 km) of the X point but failed to capture the X point inside its tetrahedron. The reconstructed electron stagnation point is shifted earthward of the X point by~90 km (> 3λ e ), which might be associated with the tailward motion (~250 km/s) of the X point relative to the background inflow plasma. The dimensionless reconnection rate, estimated from the opening angle of the reconstructed separatrix field line, is 0.17, which is consistent with the reconnection electric field (2-4 mV/m) measured in the X point rest frame and other estimates (0.14-0.22) using different methods Torbert et al., 2018) . The measured electron-frame energy conversion rate is maximized around the stagnation point, with peak values (0.3-0.4 nW/m 3 ) in agreement with those expected for the measured current density (~80 nA/m 2 ) and reconnection electric field. It is not correlated with the amplitude of broadband electrostatic waves in the upper-hybrid frequency range observed around the separatrix, suggesting that those waves are not the driver but a consequence of the reconnection.
The 2-D and steady assumptions underlying the reconstruction are reasonably well satisfied around the EDR of the present event, as manifested in the high correlation coefficients between the measured and predicted (from the reconstruction) values of the magnetic field and electron velocity ( Figure 5) . A new single-spacecraft method based on Ampère's law has been developed to estimate the axial or X-line orientation of steady 2-D structures using direct measurements of the magnetic field and current density (section 3.3).
